INTRODUCTION
FOLLOWING the original demonstration that contraction of muscles could be elicited by electrical stimulation of the pericruciate region of the cortex in dogs (Fritsch and Hitzig, 1870) and of the pre-and post-central gyri of monkeys (Ferrier, 1873) several studies were devoted to 'localise the motor function of each cortical point yielding motor responses' (Leyton and Sherrington, 1917) . The surprising finding of the earlier workers was that although stimulation of a point on the cortex always resulted in movement of the same part of the body, the details of the response varied according to the time and place of previous stimulation and took the form of either facilitation, deviation or reversal of the initial response. Leyton and Sherrington (1917) considered 'the functional instability of cortical motor points are indicative of the enormous wealth of mutual associations existing between the separable motor cortical points, and those associations must be a characteristic part of the machinery by which the synthetic powers of that cortex are made possible'.
Recent studies which have been done with the purpose of determining in more detail the principles of localization within the motor cortex have used increasingly refined methods of electrical stimulation. These have included single rectangular cathodal or anodal pulses to the surface of the cortex (Liddell and Phillips, 1950, 1952; Hern, Landgren, Phillips and Porter, 1962; Jankowska, Padel and Tanaka, 19756) or intracortical microstimulation Andersen, Hagan, Phillips and Powell, 1975) but even with these methods there is the possibility of activation of both the corticospinal and intrinsic neurons, and the need for further information about the organization of the cells and their intrinsic connections has been emphasized.
Histological studies of the motor cortex, particularly of material impregnated with the Golgi method {see Cajal, 1911; Marin-Padilla, 1969 Scheibel and Scheibel, 1970) have provided considerable information about the somata, dendritic processes and axonal ramifications of some of the cells and of the predominantly radial arrangement of the fibres in the deeper layers. In recent years fibre degeneration techniques have been used to investigate the intrinsic connections of other areas of the cortex (Spatz, Tigges and Tigges, 1970; Nauta, Butler and Jane, 1973; Fisken, Garey and Powell, 1975; Creutzfeldt, Garey, Kuroda and Wolff, 1977) , and in area 17 of the visual cortex of the monkey it was possible to determine the distribution and extent of these connections in terms of the laminae of the cortex and to make certain correlations with functional observations of the same area (Fisken et ah, 1975) . The intrinsic connections of area 4 of the monkey have now been studied after the placement of small microelectrode lesions within the cortex. It was hoped that the information obtained would help in the interpretation of electrophysiological studies upon this area and also that a comparison with the findings in area 17, which is so different structurally and functionally, might provide some clues about the factors influencing the pattern of connections within the cortex.
MATERIAL AND METHODS
Twelve young adult monkeys were used in this study and all the operations were performed under Nembutal anaesthesia with full aseptic precautions. The precentral gyrus of one hemisphere was exposed and small lesions were made in the cortex of area 4 either with a tungsten microelectrode (Hubel, 1957) , or, in a few cases, freehand with a steel needle. In the initial experiments it was found that the degeneration within the cortex was restricted to within a few millimetres of the lesion, and consequently in later experiments several lesions were made in the precentral gyrus but they were always placed sufficiently apart to prevent overlap of the degeneration. Lesions were made in all the topographic subdivisions of area 4 and throughout its anteroposterior and mediolateral extent. The majority of the electrode penetrations were made perpendicular to the surface of the cortex, but a few were made obliquely at approximately 45 degrees to the surface. The electrodes were inserted to a known depth and in most penetrations a current of 10 ^A was passed throughout the traverse of the cortex, but in a few cases no current was passed. The position and depth of individual lesions were recorded at the time of operation.
After a survival period of three to four days the animals were again anaesthetized and perfused through the heart with 0-9 per cent saline and 10 per cent formalin. The brains were removed and immersed in the fixative for a further period of several weeks. Blocks containing the pre-and post-central gyri were taken and after soaking in 30 per cent sucrose for seven to ten days were cut at 25 /xm on the freezing microtome. Most of the blocks were cut in either the sagittal or coronal plane, but a few were cut tangential to the surface of the cortex. All sections were collected and a 1:20 series was stained with either the Fink-Heimer (1967) or Wiitanen (1969) techniques and examined for the presence of lesions. An alternative series of sections was stained until all the lesions had been found, and then serial sections stained over the extent of individual lesions and the resulting degeneration.
RESULTS
A total of 53 lesions was placed in the cortex of area 4 and of these, 43 have been used, the other 10 being discarded either because of poor impregnation of the sections or because of adjoining incidental damage. To facilitate the description of the results the lesions will be divided into groups according to the depth of the lesion and the laminae involved. The depth of the lesions will be described in terms of the laminae, although there is unavoidably some uncertainty because of the well-known difficulty in distinguishing some of the laminae in area 4; where a lesion has encroached upon the superficial margin of a lamina it has been assumed that it was involved. Both the Fink-Heimer and Wiitanen methods resulted in good impregnation of degenerating terminals and fibres, and the Wiitanen method had the added advantage that the cell bodies were also impregnated so that additional sections stained by the Nissl method were not required. Since the slightest damage to the neocortex, either direct or ischasmic, will result in fibre and terminal degeneration, and because many of our lesions were small with the degeneration localized to within a few millimetres, care was taken to exclude the possibility that the degeneration due to the lesion could be attributed to such incidental damage.
In Nissl sections cut in the sagittal plane or perpendicular to the central sulcus the cortex of area 4 is 3 to 4 mm in thickness and approximately twice that of the somatic sensory area in the adjoining postcentral gyrus. Layer I is almost devoid of neurons and is thicker than in the adjoining cortical areas. Layer II is made up mainly of small pyramids closely packed together and easily demarcated; it is slightly thicker than layer I. In layer III, which consists predominantly of pyramidal cells, the neurons are larger, more widely separated and arranged in columns. In the outer part of this layer the cells are more densely arranged and smaller than in the deeper part. Layer IV, although narrow, can be recognized and forms a lighter band just superficial to the characteristic large Betz cells of this architectonic area. Many of the constituent cells are small, round and palerStaining. Layer V has the large Betz cells near its superficial margin and its constituent neurons are arranged in columns perpendicular to the surface. Although the Betz cells are always near the upper margin of this layer, the depth of them varies so that they form a tortuous line; they are frequently in groups of about 2 to 4 and separated by intervals from adjoining ones. The other pyramidal cells at the level of the Betz cells are also quite large but those more deeply situated in this layer are smaller and distinctly triangular. In layer VI, which merges very gradually with the underlying white matter, the cells have a less pronounced pyramidal shape and are more widely separated. The columnar arrangement of the cells is most prominent on the exposed lateral surface of the gyrus and on the anterior bank of the central sulcus, where their radial arrangement in relation to the curvature of the surface is very striking. In the deep half of the anterior wall of the central sulcus, which contains the representation of the hand, the columnar pattern is not so clear.
In sections stained with the Wiitanen method where there has been only partial suppression of the impregnation of normal fibres there are many features of relevance to the interpretation of the experimental findings. There is a distinct difference in the number and pattern of the fibres superficial and deep to the level of layer IV and the Betz cells. In layers V and VI there is a radial arrangement of the fibres at low magnifications, and at higher magnifications this is seen to be due to narrow bundles of fibres, 3 to 6 fibres in each, passing perpendicularly between and parallel to the rows of cells and separated by approximately 50 ^m ( fig. 4A ). At the level of the Betz cells there is a horizontal plexus of quite coarse fibres and the cells are in the middle of it. Throughout the depth of layer V many similar large fibres pass horizontally for considerable distances, and in parts of the cortex there are concentrations of these into a less distinct plexus near the deep margin of the layer. An occasional large fibre can be traced for several millimetres as it passes obliquely through the depth of both layers V and VI. Superficial to layer IV there are far fewer fibres impregnated and these are more irregularly distributed; many of the radially orientated bundles of fibres seen in the deep layers break up into finer branches which disperse in different directions, but a small number continue in a radial direction into layer III.
In the first group of lesions which were examined in sagittal sections the damage extended through the depth of the cortex and in only two of them did it continue into the underlying white matter, and then for a distance of only 0-5 to 1 mm. As far as can be judged the extent and pattern of the degeneration was the same irrespective of the site involved. A lesion in the lateral part of the precentral gyrus functionally related to the head and just anterior to the central sulcus is typical of this group (figs. 1, 2 and 3). It forms a slit 60 /u,m wide through the depth of the cortex and barely encroaches upon the underlying white matter. Immediately adjoining it and of uniform density and width throughout the depth of the cortex is a narrow zone of intense finely granulated degeneration 200 to 300 ^m in width on each side. There is then a sudden sharp decrease in the degeneration and beyond this the appearance of the fibre and terminal degeneration varies in the different layers. In layer I there is fine degeneration and horizontally disposed fragments gradually diminishing in amount over 1 to 2 mm on each side of the lesion. In all other layers there is a moderate degree of terminal and fibre degeneration over the same distance. Fibre fragments are disposed at all angles, some of which may be traced in continuity for distances of one or more millimetres, especially those disposed horizontally or obliquely in layer V; the size of these fragments varies, some being quite coarse.
At the junction of layers II and III there is degeneration of fine fibres which are arranged horizontally ( fig. 4c ). More deeply, from the level of layer IV to just below the Betz cells there is another band of horizontal degenerating fibres which are larger than those at the boundary of layers II and III. They extend for a short distance further than the degeneration in other layers and have a close relationship to the Betz cells (figs. 5B and c, 6A and B) and to the large pyramidal cells in the deep part of layer III. In the deeper parts of layer V the fibre fragments are again mainly arranged horizontally. Apart from these plexi of horizontally degenerating fibres the intensity of the terminal and fibre degeneration appears to be the same throughout the depth of the cortex. On the sections containing the electrode track the degeneration extends further anteriorly (2-75 mm) than posteriorly (1-75 mm), but on adjoining sections this asymmetry is less marked and the extent of the degeneration diminishes. On sections adjacent to the track a new feature is the presence of vertically disposed degenerating fibres extending from layer IV through to the white matter ( fig. 4B ). They form a conspicuous band at precisely the anteroposterior level of the lesion and of the same width as the zone of dense degeneration, approximately 500 to 600 ^.m wide. On sections progressively further from the lesion the degeneration decreases and it is difficult to be certain of its precise extent in the mediolateral dimension.
In the two experiments in which the tip of the electrode penetrated the white matter for 0-5 to 10 mm there was no appreciable difference in the intensity and distribution of the degeneration within the cortex, no doubt due to the minimal involvement of afferent fibres.
Apart.from an occasional obliquely disposed degenerating fibre in the deeper layers, some of which can be traced into the white matter, there is no separate focus of appreciable degeneration in area 4 but definite degeneration can be seen in restricted bands in areas 1 and 2 of the somatic sensory cortex at the level of the lesion. The cortex of area 6 has not been systematically studied for projections from area 4.
In one of the penetrations made obliquely to the surface the track reached to just below the Betz cells close to the bank of the central sulcus ( fig. 7A ). Superficial and deep to the track there is dense granular degeneration for a few hundred microns and there is a moderate degree of fibre and terminal degeneration within a few mm. Degeneration in the horizontal fibre bands appears throughout the sections, but because the damage appears at different depths on adjoining sections the maximal degeneration in these bands is seen on different sections when the damage is at that level. The most important feature of the fibre degeneration is the obvious arrangement of many of the fragments in distinct rows perpendicular to the surface and corresponding to the bundles seen in normal material. These are present superficial and deep to the track, and more anteriorly are vertically disposed but at the bank of the sulcus become progressively oblique with the increasing curvature of the cortex. In the Wiitanen sections these bundles of fragments lie between the adjoining rows of pyramidal cells separated by intervals of about 50 fj.m. The number of such vertically arranged fragments passing down through layer V increases close to the bank of the central sulcus underneath the deepest part of the lesion. A similar oblique penetration passing more superficially through the cortex of the anterior bank of the central sulcus does not extend deeper than layer III and the degeneration in the deeper layers, both horizontal and vertical, is much less than when the electrode has involved these layers directly ( fig. 7B ).
That the restricted extent of the degeneration found after microelectrode lesions is not due simply to the narrow and limited damage caused by the microelectrode is indicated by the findings after larger lesions made by inserting a needle. The damage is in the form of a wedge 1 to 2 mm in size and reaches to layer VI. The pattern and extent of the terminal and fibre degeneration are essentially the same as after a microelectrode track but the density is slightly greater close to the immediate damage. In some brains the microelectrode was driven into the cortex without current being passed, and the lesions and degeneration are indistinguishable from those made with the passage of current.
Similar lesions were studied in coronal sections, but because the sections were cut at varying degrees of obliquity to the electrode track the damage at different depths appeared on separate sections. In all respects but one the degeneration is the same as in the sagittal sections, and the difference is related to the horizontal fibres close to the Betz cells. For a width of 500 ^m on either side of the dense degeneration these are similar in number and appearance to those found in the sagittal sections, but at this point there is a sudden diminution with only an occasional fragment present beyond. The long fragments which can be traced over a distance of a few millimetres at this depth in the cortex in sagittal sections are not seen. The degeneration does not extend beyond that found in the more superficial and deep layers, and it is the same on either side of the lesion. This difference in the extent and symmetry of the horizontal fibre degeneration in relation to the Betz cells in the sagittal and coronal planes has been confirmed in a planar reconstruction from measurements of its maximal extent in all of the sections in which it could be identified ( fig. 8 ). The degeneration is maximal on sections through the lesion, its total extent in the sagittal plane is greater than in the coronal and it is asymmetrical anteroposteriorly but not mediolaterally. The anteroposterior extent of the degeneration can only be determined with certainty in the sagittal sections and the mediolateral extent in the coronal sections. A composite of the reconstructions in these two planes would probably indicate that the tangential spread of the degeneration is in the shape of an ellipse, with its long axis directed anteroposteriorly. This interpretation is confirmed in sections cut tangential to the surface of the cortex ( fig. 9 ). The electrode track appears as a clear hole 100 fim across and is immediately surrounded by a cuff of glial cells outside which there is a circular zone of dense fine degeneration 200 to 300 ^m wide ( fig. 3D, fig. 6c ). The fact that the degeneration is outside this glial cuff indicates that it is not due to direct damage arising from the passage of the electrode. Beyond the zone of dense degeneration in the superficial layers there is a moderate degree of terminal degeneration for 1 to 2 mm but few fibre fragments. At the level of the Betz cells coarse fibre fragments appear ( fig. 10 ) and these are aligned predominantly in the anteroposterior dimension and extend for 1 to 2 mm further in this dimension than mediolaterally. In the deeper parts of layers V and VI there are less degenerating fibres which are not as coarse as those at the level of the Betz cells.
Another group of lesions, in which the damage does not extend through the full depth of the cortex, has given further information about the laminar origin of some of the intrinsic connections of the cortex. Although no specific lesion is restricted to layer I, in a few sections at sites quite distinct from lesions, small foci (around 500 ju,m) of fine granular degeneration are present in this layer. A few fibres pass sideways from the principal focus but no degeneration is seen deep to layer I. These foci are probably due to slight ischaemia caused by spasm of fine vessels.
A localized area of damage restricted to layers I and II is surrounded by fine degeneration for 1 to 2 mm and on its deep aspect a few fragmented fibres pass down into the superficial part of layer III but no degeneration can be seen deeper than this level.
When the damage extends deeper to involve the superficial half of layer III the pattern of degeneration is completely different. In layers I and II there is fine fibre and terminal degeneration on either side, and in layer III the fragments are coarser and are interspersed amongst a moderate degree of granular degeneration. At the junction of layers II and III the horizontal plexus of fine interweaving degenerating fibres is clearly seen. Below the lesion in the deep half of layer III there are more fragments and some are orientated perpendicularly and can be traced down between the Betz cells into layers V and VI and into the white matter. At the level of the Betz cells there are a few horizontal fragments of coarser fibres and the arrangement of these two sets of fibres at right angles to each other is clear because of the relative absence of any background degeneration. In addition to the vertically orientated fibres in layers V and VI there are some obliquely and transversely directed fibres. In all layers the degeneration does not extend more than 1 mm or so from the edge of the lesion and it is appreciably less dense than after penetrations into the deeper layers. The vertically orientated fibres passing down to the white matter occupy a restricted zone about 500 /urn wide beneath the lesion. Lesions which extend as narrow tracks through the depth of layer III but stop immediately above the Betz cells cause degeneration which is the same as when only the super : ficial part of layer III is involved, except that there is a definite increase in the number of coarse fibre fragments arranged horizontally at the level of the Betz cells. Some of these pass downwards and sideways from the tip of the track. Several lesions extend deeply into layer V below the Betz cells, and this additional damage is accompanied by an increase in the amount of degeneration in layers III and V so that the appearance is essentially that of a full depth lesion. The number of vertically orientated fibres deep to the lesion is considerably greater than after lesions restricted to layer III and these can be traced through layer VI to the white matter. These fibres are confined within a strip of the same width as the dense degeneration above them. In layer VI there are some fragments and terminal degeneration irregularly arranged.
It has not been possible to make focal lesions virtually restricted to a particular lamina because passage of the electrode by itself resulted in appreciable degeneration. Some of the electrode tracks happened to be cut obliquely with successive portions on adjoining sections, and to all intents and purposes these could be considered as individual laminar lesions. Certain features are common to all of them: the width and appearance of the dense fine degeneration in the immediate vicinity of the track is the same all round; frequently there is little, if any, degeneration in the layers superficial and deep to the damage, and the fibre and terminal degeneration which is present in the immediate vicinity has the characteristics found at that level in sections in which most of the length of the track is present, a good example being the degeneration of an appreciable number of horizontal fibres at the level of the Betz cells found only when the damage is at that site; radially orientated degenerating fibres are invariably restricted to the width of the zone of dense degeneration and are coarser and more numerous on the deep aspect of the lesion.
The electrode was sometimes introduced close to the precentral dimples and arcuate sulcus at the anterior margin of area 4 or immediately in front of the central sulcus, with the intention of penetrating the cortex buried in the walls of these sulci. In one of these the electrode entered the cortex immediately posterior to the medial end of the anterior subcentral sulcus in the face region of area 4. In the sagittal sections the track passes vertically through the entire depth of the cortex of area 4 on the exposed surface and is slightly oblique to the radial organization of cells and fibres ( fig. 11 ). It reaches layer VI at the point when the cortex is turning sharply to form the posterior wall of the sulcus and from this point it remains at the same depth in the cortex, running tangentially through layer VI. At the bottom of the sulcus the track continues on for about a millimetre into the underlying white matter. The entire extent of the lesion is within area 4 as Betz cells can be traced uninterruptedly to just in front of the fundus of the sulcus. In the cortex of the exposed surface, the features and extent of the degeneration are the same as with a full depth lesion. The horizontal degenerating fibres at the level of the Betz cells reach anteriorly to the point in the bank of the sulcus which is perpendicularly in line with where the track reaches layer VI. In the wall of the dimple the pattern of degeneration is distinctly different, with the degenerating fibres being radially orientated in contrast to the predominantly horizontal disposition on either side of the perpendicular part of the track. Superficial to the track numerous fragments are in rows perpendicular to the surface, and these pass up to the level of the Betz cells where they suddenly diminish in number. An occasional fragmented fibre continues perpendicularly into layer III and some become obliquely disposed. Fine granular degeneration is present in most layers and is heaviest in the deep half of layer III, in layer IV and the superficial part of layer V. In layer VI deep to the lesion there is also heavy fibre and terminal degeneration, most of which is also arranged in rows at right angles to the surface. Conspicuous by their absence are the bands of horizontally arranged fragments at the junction of layers II and III and at the level of the Betz cells. The only horizontally arranged degeneration is in layer VI close to the bottom of the sulcus where rows of fragments sweep forward. In the immediate vicinity of the track a few degenerating neurons are intensely stained giving an appearance similar to Golgi-impregnated cells. Rows of fragments representing the degenerating apical dendrites of these cells are interspersed amongst the degenerating axons and can readily be distinguished by their coarser size. This experiment combines a perpendicular and tangential lesion in immediately adjoining parts of area 4 and shows the pattern of fibre distribution in two dimensions of the cortex, vertical and tangential, and it also provides evidence that the fibres in the horizontal plexuses.are predominantly intrinsic to the cortex.
In several vertical penetrations through the anterior bank of the central sulcus to various depths in the anterior wall of the sulcus and into the posterior bank and wall of the arcuate sulcus, the features of the degeneration were similar. Because of the marked curvature of the cortex in both the anteroposterior and mediolateral dimension at the banks of these sulci the degree of obliquity of the radial degeneration changes rapidly with increasing depth of the track. In some experiments the part of a track extending from the surface to layer V was present on one section with no radial degeneration in the layers deep to it, but a few sections away when the damage was no longer present the radial degeneration in the deep layers appears and is parallel and between the cell columns which are arranged literally radial to the curving arc of the cortical surface.
In that part of the representation of the distal forelimb in the depth of the anterior wall of the central sulcus the cortex does not show such a pronounced radial arrangement of the cell columns as on the exposed surface, but the arrangement of the intrinsic fibre connections appears to be the same as in the other parts of area 4.
DISCUSSION
The intrinsic fibre connections of area 4 appear to be limited to within a few millimetres of their origin and in both their pattern and extent are similar throughout the motor cortex irrespective of the topographic representation. In most of their features the intrinsic connections of area 4 and of area 17 of the visual cortex (Fisken et al., 1975) are similar, which would suggest that they are organized upon a common principle. The measurements of the extent of these connections in the present histological material are of the same order as those made upon the extent of the motor cortex related to individual spinal motoneurons or muscles in electrophysiological experiments.
The dense finely granular degeneration present in all layers for approximately 200 to 300 ^m on all aspects of the lesion is an indication of the distance over which the cortical neurons are strongly interconnected. The fact that the width and Downloaded from https://academic.oup.com/brain/article-abstract/101/3/513/318271 by guest on 29 March 2018 appearance of this degeneration was constant in all layers and parts of the cortex with different types of lesions and whether or not a current was passed supports the interpretation of the granularity as being indicative of neuronal interconnections rather than simply a reflection of direct damage. This is further supported by the appearance in tangential sections of a distinct cuff of glial cells separating the electrode track and the dense degeneration. The dense degeneration stops suddenly and beyond it there is a moderate degree of fibre and terminal degeneration for 2 to 3 mm. Throughout most of the superficial layers there are few fibres and these are fine but in the deeper layers they are more numerous and coarser. At the junction of layers II and III and in layer IV there are accentuations of the horizontal fibres into distinct bands and the latter forms one of the most prominent features of the degeneration. The extent of this degeneration in the sagittal plane is the maximum seen for degeneration in any layer, and the close relationship to the Betz cells suggests a functional relationship. Throughout the rest of layer V there are a number of degenerating fibres arranged horizontally and sometimes these are accentuated near its deep margin, perhaps forming an inner band of Baillarger. The fibre degeneration after a narrow vertical lesion indicates the pattern and extent of the fibre connections spreading out from the damaged part of the cortex to influence other neurons within these limits, but these neurons are also receiving similar horizontal connections from other cells within a radius of a few millimetres in any direction.
These findings after perpendicular lesions through the whole depth of the cortex provide information mainly about the horizontal distribution of the intrinsic connections. Information on the vertical arrangement and laminar origin has been obtained from penetrations which either did not pass perpendicularly through the full depth of the cortex or which passed obliquely to the surface. If the damage is restricted to layers I and II the degeneration is also confined mainly to these layers with only a few fibres extending into the superficial part of layer III. With additional involvement of layer III degenerating vertical fibres pass down through the deeper layers and are restricted to the width of the lesion and the dense degeneration around it. At the level of the Betz cells there are a few coarse fibres passing horizontally, and in layers V and VI there are some transverse and obliquely degenerating fragments, indicating that layer III is sending fibres to layers V and VI as well as a small number into the white matter. The number of the vertically orientated fibres entering the white matter increases with involvement of layers V and VI, showing that most of the efferent fibres of the cortex probably arise from these layers, but they always remain restricted to essentially the width of the lesion and the zone of dense degeneration around it. The degeneration of the horizontal fibres at the level of the Betz cells is greatest when this layer is damaged, and there is more intrinsic and widespread degeneration in both layers III and V when the damage extends down to the deepest layers, in part through axon collaterals of efferent fibres from cells in layer V as well as short connections from cells in this layer. When the electrode passed tangentially for some distance in layer VI there were no degenerating horizontal fibres in layer IV superficial to the damage, indicating that most if not all of these fibres arise within the cortex.
The restricted extent of the vertically disposed fibres after perpendicular penetrations indicates that their course within the cortex is perpendicular with respect to their cells of origin. Penetrations oblique to the cortex confirm this finding and show that it is also true for the incoming afferent fibres to the cortex; the degenerating axons both superficial and deep to the lesion are regularly arranged between the columns or rows of cells at intervals of approximately 50^m. With these oblique penetrations the extent of the dense fine degeneration both superficial and deep to the damage was approximately 200 to 300 /nm-the same as on each side of the vertical lesions. The short intrinsic cortical axons appear to be distributed predominantly horizontally and within their laminae of origin, although some pass obliquely between laminae, particularly interconnecting layers III, V and VI. Many of these obliquely disposed fragments represent degenerating collateral branches of efferent axons and terminal branches of afferent fibres, and the extent of the degeneration conforms with measurements of these processes in Golgi material-1 mm for the intracortical branching of thalamocortical fibres (Asanuma, Fernandez, Scheibel and Scheibel, 1974 ) and 3 mm for the spread of axon collaterals (Scheibel and Scheibel, 1970) .
These basic features of the organization of area 4 have also been found in areas as different, structurally and functionally, as area 17 (Fisken et al., 1975) , the first somatic sensory cortex (Vogt and Pandya, 1978; Shanks, Pearson and Powell, 1978) and area 5 of the parietal lobe (unpublished observations) of the same species, and in the visual cortex of the cat (Creutzfeldt et al., 1977) . There are, however, certain differences and, as would be expected from the cytoarchitecture, these are mainly related to layer IV and the outer band of Baillarger which are so well developed in area 17 and are at their minimum in area 4. The number of horizontal fibres at this level in area 4 is much less than in area 17 and the asymmetry and total extent of this fibre degeneration was not as obvious as in area 17. In the motor cortex, outside the 200 to 300 ^m zone of fine degeneration, the density of the fibre and terminal degeneration was also less than in area 17. In area 17 the horizontal extent of the terminal degeneration in layer IV was limited to within 200 to 300 /u,m but in the motor cortex it was difficult to be certain that this was so, partly because layer IV is so narrow and also because the line of Betz cells and associated fibre fragments was irregular. Degeneration restricted to a separate inner band of Baillarger deeper in layer V was also not as obvious in area 4 as in visual cortex as fragmented horizontal fibres were present through the depth of this layer. The plexus of fine fibres at the junction of layers II and III seen clearly in the motor cortex had no counterpart in area 17.
It has been suggested that in the visual cortex 'the stria is a concentrated band of fibres which is closely related to the cells receiving the afferent fibres from the thalamus and that it may be considered as one of the first intracortical connections underlying the processing of information' (Fisken et al., 1975) . A clue to the posDownloaded from https://academic.oup.com/brain/article-abstract/101/3/513/318271 by guest on 29 March 2018 sible significance of the comparable horizontal fibres in the motor cortex is provided by findings from Golgi studies (Cajal, 1911; Marin-Padilla, 1969 in which similar fibres, a millimetre or more in length and with a predominantly sagittal orientation, have been described. These axons arise from stellate cells in layers II, III and IV, are concentrated in horizontal plexuses at the boundary of layers II and III and in layer IV, and terminate in dense pericellular baskets around the somata of the large pyramidal cells above and below them in layers III and V. In the visual cortex the horizontal fibres in the stria of Gennari are between the laminae in which the geniculocortical fibres terminate (Hubel and Wiesel, 1969, 1972; Garey and Powell, 1971) and it is probable that the majority of them arise and end within these laminae (Fisken et al., 1975) . In the motor cortex the afferent fibres from the thalamus terminate in the deep half of layer III, in layer IV and the upper part of layer V (Sloper, 19736; Strick and Sterling, 1974) and so there is again the same relationship of the horizontal fibres in layer IV with the thalamocortical fibres.
In both areas electron microscopic studies have shown that the thalamocortical fibres end upon the dendrites and somata of stellate neurons and have provided some evidence for a termination upon the apical dendrites of pyramidal cells (Sloper, 19736; Strick and Sterling, 1974; Winfield and Powell, 1976) . There is electrophysiological evidence for antidromically identified pyramidal tract neurons (PTN) and interneurons at the same cortical level in area 4 being monosynaptically excited upon stimulation of the ventrolateral nucleus of the thalamus (Amassian and Weiner, 1966; Yoshida, Yajima and Uno, 1966; Stone, 1973) and also that some of these interneurons in turn are inhibitory to the PTNs (Stefanis, 1969; Stone, 1973) ; from electron microscopic studies it would seem likely that some of the symmetrical axon terminals on the somata and dendrites of pyramidal neurons in layer V are from stellate cells (Sloper, 19736) . It has been suggested that the horizontal fibres in layer IV of the visual cortex are interconnecting independent groups of neurons in receipt of geniculocortical afferents (Fisken et al., 1975) and the same appears to be true in area 4. As two distinct types of neurons are involved in area 4, the stellate or interneuron and the pyramidal, it might be reasonable to suggest now for both areas, in view of all the other similarities in their intrinsic organization, that the horizontal fibres in layer IV form a connection, inhibitory in function, between an interneuron and an output cell which are both receiving a direct input from the thalamus and which may be separated from each other by up to 2-3 mm. Whether the same correlations can be made for the horizontal fibres at the level of layers II and III and in the deeper part of layer V remains to be determined. This interpretation of the evidence suggests a basic similarity in the organization and function of the horizontal fibres in the visual and motor areas, but the obvious differences between the areas must also be taken into account. In area 17 layer IV and the horizontal fibres forming the stria of Gennari are maximally developed, probably in relation to the processing of sensory information, whereas in area 4 it is the pyramidal cell layers (III and V) which have increased relatively, with layer IV barely distinguishable.
Electrical stimulation of the cortex has been used extensively to analyse the influence of the motor cortex upon movement and essentially two methods have been used, surface stimulation with focal electrode and weak intracortical microstimulation. In both of these methods the pyramidal tract cells may be influenced by direct electrical excitation, with which we will not be concerned in this discussion, and with surface stimulation the effects of such direct activation of PTNs can be differentiated from indirect synaptic activation. With the weak current used in intracortical microstimulation it was initially considered that most of the effects were due to direct activation of the cells (Asanuma, Stoney and Abzug, 1968; Stoney, Thompson and Asanuma, 1968) but, as Jankowska, Padel and Tanaka (1975a) found that the effects of such stimulation are mainly indirect they concluded that '. . . the final functional interpretation of the effects of the intracortical stimulation will depend greatly on the network of the intracortical connections'. It is probably reasonable to assume that the extent of the degeneration of intracortical fibres found in the present experiments is of the same magnitude as the distance over which intracortical stimulation would have its effects and even that the present measurements may be an underestimate because microstimulation might activate cells and fibres slightly beyond the zone directly damaged by our lesions. In attempting to relate the histological findings with those obtained by electrical stimulation of the motor cortex one must be cautious because apart from the lack of information about the synaptic organizations within the cortex, there are many obvious gaps in our knowledge: the cells of origin of the different fibres; the inability to distinguish between short axons of interneurons, collateral branches of efferent and terminal branches of afferent fibres, and the types of synapses made and the parts of the neuron upon which these end.
With these qualifications the anatomical observations are in striking agreement with the electrophysiological findings of Asanuma and Rosen (1973) upon the spread of mono-and polysynaptic connections in the motor cortex of the cat. These authors recorded postsynaptic potentials evoked in cortical cells in response to microstimulation with 4 pA, and found that the majority of the cells monosynaptically influenced were within 400 /^m horizontally from the site of stimulation (their fig. 7 ) and that polysynaptic effects were much wider for up to 1200 ^m. The cells being influenced monosynaptically are probably those within the zone of dense degeneration and normally in receipt of numerous interconnections. Monosynaptic effects were not found beyond this point, possibly because the connections are considerably more sparse but polysynaptic effects may be occurring over this distance through convergence. The fact that Asanuma and Rosen (1973) found postsynaptic potentials in only one-third of the cells from which intracellular recordings were obtained may be due to the cells receiving fibres not only from neurons close to the stimulating electrode but also from cells in all other directions within a radius of a few mm. Stimulation of the superficial cortex down to 0-7 mm resulted in monosynaptic responses most of which were within the same depth or only slightly deeper, which would be in accord with the histological findings that damage of layers I and II did not result in degeneration extending more deeply than layer III; polysynaptic responses after stimulation in these layers were found in the deeper layers in agreement with the finding of degeneration in layers V and VI after lesions extending into layer III, the cells of origin of these fibres having received a synapse from cells in layers I and II. The present experiments have emphasized the horizontally disposed fibre fragmentation at the level of the Betz cells and stimulation in these middle layers of the cortex resulted in both mono-and polysynaptic responses predominantly at this and slightly deeper levels. Stimulation of the deeper layers of the cortex resulted in the majority of the responses being in the superficial layers and because this was not found with stimulation of the intermediate layers Asanuma and Rosen (1973) considered that the 4 |uA stimulation excited cell bodies rather than myelinated fibres. Further support for this interpretation would be that all incoming fibres terminate in asymmetric, presumed excitatory, terminals whereas the majority of these monosynaptic responses in the superficial layers was inhibitory. These findings of postsynaptic potentials mainly in the superficial layers upon stimulation of the deeper layers would be in accord with histological observations of increased degeneration in layer III after involvement of the deep layers, and as Asanuma and Rosen (1973) mention, some at least of the excitatory effects could be through axon collaterals of pyramidal cells. The fact that these electrophysiological experiments were done in the cat and the present studies in the monkey does not invalidate these correlations as essentially the same pattern of degeneration after intracortical lesions is found in the cat (Creutzfeldt et al., 1977 ; our own unpublished observations).
It has been possible to make certain functional correlations with the spread of the intrinsic connections in the horizontal dimension and it would be expected that the equally clear pattern in the vertical dimension would reflect some functional properties of the cortex. The clear columnar arrangement of the cells together with the strictly perpendicular disposition of the fibres at a regular spacing of approximately 50 /xm is probably the basis for the columnar organization of neurons with the same peripheral receptive fields in the cat (Welt, Aschoff, Kameda and Brooks, 1967) and monkey . Welt et al. (1967) considered that cells with receptive fields in the same part of the body surface were arranged in radially orientated arrays and that 'the mean cross column distance within which adequate stimuli were similar was only 50 /im for each type of stimulus', and Rosen and Asanuma (1972) that 'the cells, driven by peripheral stimulation, are sparsely scattered in radial columns'.
The degenerating vertically arranged fibres superficial and deep to a perpendicular or localized lesion are always restricted to a narrow zone (approximately 0-5 to 10 mm diameter) equivalent in width to that of the dense granular degeneration. The degenerating fibres which are deep to the damage are mainly efferent fibres, and as they arise only from within the zone of dense degeneration and pass in a strictly radial direction it would seem that this extent of cortex is the anatomical equivalent of the efferent zones for a given movement which have been shown by intracortical microstimulation to be of the same size, 1 mm or a little less, columnar in shape and distributed along the direction of the radial fibres . The number of degenerating axons entering the white matter increased with damage of layers V and VI which agrees with the conclusion from microstimulation experiments that the probability of producing a motor effect was highest in layer V Andersen et al., 1975) . As many of the degenerating fibres superficial to the damage are afferent to the cortex and as the zone of dense degeneration represents an extent of cortex which is densely interconnected, it is also likely that with respect to its extrinsic afferent and efferent connections a vertical cylinder through the cortex of this dimension corresponds to the input-output zone of 1 mm or less described by Rosen and Asanuma (1972) . These authors found that the cells within a low threshold efferent zone were activated by stimulation of the skin, muscles and joints within a region closely related to the movement elicited by intracortical stimulation of that zone, and from the joints and muscles taking part in the movement; just as the degenerating efferent fibres from the cortex have been found to arise only from within the zone of dense degeneration, the afferent fibres from the thalarhus have been shown to branch over the same horizontal extent of 10 millimetre (Strick, 1973; Asanuma et al., 1974) . However, these zones cannot be discrete and independent, (Lemon, Hanby and Porter, 1976 ) because although a cell in the middle of such a cylinder will be strongly related to cells within 0-5 mm in any horizontal direction, cells nearer the edge of the cylinder will be similarly related to neurons progressively further away. One has therefore a series of overlapping input-output or lowest threshold zones (Andersen, Hagan, Phillips and Powell, 1975) . It is probable that this zone of dense degeneration and the related group of efferent fibres also corresponds to the smaller colonies or 'best points' of Landgren, Phillips and Porter (1962) and the maximum projection areas of Jankowska et al., (19756) defined with surface anodal stimulation and with the lowest threshold cores to intracortical stimulation of Andersen et al, (1975) .
The less severe degeneration which extends over a distance of a few millimetres represents intrinsic fibre and axon collateral connections which must provide the basis for further overlap and functional interrelationships, although progressively less marked, between adjoining cells in the cortex. The extent of this degeneration and its asymmetrical distribution corresponds with the measurements of the colonies of cortical neurons projecting upon individual spinal motor neurons determined by anodal stimulation of the surface of the cortex Asanuma and Rosen, 1972; Jankowska et al., 19756) , and the aggregations of colonies found on intracortical stimulation by Andersen et al. (1975) . In other words, it would seem that the intrinsic fibre connections spread over the distance which includes the cells projecting directly to one motoneuron. The presence of intrinsic connections extending over this distance might also explain the overlap of neurons related to different muscles which has been found by all these workers. With regard to the influence of area 4 upon the spinal cord, the experiments using electrical stimulation suggest that there are two functional zones of cortex, one of 05 to 10 mm and another of a few millimetres in,extent, and in the case of each of these there is overlap between different muscles (Jankowska et al., 19756) . Anatomically, the connections are also organized in two distinct ways which differ both in intensity and extent: within an extent of 0-5 to 1 0 mm there are dense horizontal intrinsic connections together with the origin and termination of the radial efferent and afferent fibres, and over a radius of a few millimetres there are fewer intrinsic connections together with the axon collaterals of efferent fibres. To what extent these two patterns of anatomical connections form the basis of the two functional zones is uncertain, but they do indicate that although the neurons within a vertical cylinder of 05 to 10 mm radius may form a functional column, no groups of cells can be functionally independent of other cells within the adjoining few mm of cortex. Variation in the functional activity of these intrinsic connections due to previous stimulation of the same or adjoining region of cortex is probably the basis of the variation of the details of the response to surface stimulation, as suggested by Leyton and Sherrington many years ago (1917) . Landgren et al. (1962) found that when the threshold surface-anodal current required to excite directly a single pyramidal cell was plotted against distance from the lowest threshold point on the cortex for the same cell, the spread of the curves was wider in the mediolateral direction than anteroposteriorly and there was slight asymmetry in each direction. As these authors considered that no physiological or synaptic spread was involved in these measurements no clear correlation can be made with the present findings, but it is significant that experiments with such different techniques have both shown a difference between the organization along the anteroposterior and mediolateral dimensions of the cortex and it would be important to determine if there is a relationship between the anatomical and functional observations.
As the strictly intrinsic axonal connections appear to be disposed predominantly in the horizontal dimension and the vertical axons are mainly those of the afferent and efferent pathways, it is perhaps worth emphasizing that the neuronal processes which do form links between the different layers of the cortex are the apical and basal dendrites of the pyramidal cells; a pyramid in layer III could be influenced by axon terminals in the superficial four layers of the cortex, and one in layer V by terminals in all layers.
There are marked similarities in the pattern and extent of the fibre degeneration after intracortical lesions in the visual and motor areas, and functional correlations have been suggested for each of these areas. The importance of the column in the sensory areas has usually been discussed in relation to the processing of afferent information from the sensory receptors, while the role of those in area 4 has been considered mainly in relation to its efferent influence on muscles. In each of these areas, however, the column contains both efferent (pyramidal) and interneuronal cells in the same proportions, approximately two-thirds pyramidal and one-third non-pyramidal (Sloper, 1973a) . Thus the column in the sensory and motor area is both an input and an output zone, with most of the pyramids in the superficial layers sending fibres to the other cortical areas of the same or opposite hemisphere and those in the deep layers projecting to subcortical sites. In both areas the single cell-wide columns have been correlated with the peripheral receptive field, 25-50 ytxa wide (Hubel and Wiesel, 1974a) in the visual and 50 ^m in the motor cortex (Welt, Aschoff, Kameda and Brooks, 1967) . In the visual cortex the 0-5 to 10 mm wide zone of dense degeneration has been suggested (Fisken et al., 1975) as being the basis of the hyper column related to ocular dominance or orientation (Hubel and Wiesel, 19746) and in the motor cortex as an 'input-output' zone. The moderate degeneration over 2 to 3 mm in area 17 may represent the connections within the area suggested by Hubel and Wiesel (19746) to contain 'by a comfortable margin the machinery it needs to analyse the region of visual field that it subserves', and the question now arises whether the similar extent of cortex in the motor area has an equivalent function in relation to a particular part of the body.
SUMMARY
The intrinsic connections of area 4 of the monkey have been investigated with axonal degeneration methods after the placement of microelectrode lesions within the cortex. The fibre degeneration is restricted to within a few millimetres of the damage and is asymmetrically distributed in the form of an ellipse with its long axis anteroposteriorly. The same pattern is found in all topographic subdivisions of the motor cortex. There are two distinct zones of degeneration, dense fine terminal degeneration for 200 to 300 /urn all around the lesion, and a moderate degree of fibre terminal degeneration for a further 2 to 3 mm. The intrinsic connections are disposed predominantly in a horizontal or oblique direction and within the laminae of origin, but there are fibres passing between adjoining laminae and between layers III and V and VI. Two horizontal plexuses of degenerating fibres are present, at the boundary of layers II and III and at the level of the Betz cells, and these fibres arise within the cortex. The afferent and efferent fibres of the cortex are arranged strictly perpendicular to the surface. The extent and pattern of the intrinsic connections of area 4 are very similar to those of area 17 of the visual cortex.
